A disruption of dopaminergic transmission in the amygdala of subjects with schizophrenia was proposed as a main contributor to pathophysiological and clinical manifestations of this disorder. We tested the hypothesis that the expression of the dopamine transporter (DAT) is decreased in the amygdala of subjects with schizophrenia. In normal control, schizophrenic subjects and bipolar disorder subjects, we measured numerical density of axon varicosities immunoreactive (IR) for DAT in the lateral (LN), basal, accessory basal (ABN), and cortical (CO) nuclei and intercalated cell masses (ITCM) of the amygdala. Tyrosine hydroxylase (TH)-IR and dopamine beta-hydroxylase (DBH)-IR varicosities were measured to test for potential loss of varicosities and serotonin transporter (5HTT)-IR for involvement of the serotoninergic system. Among several potential confounding variables tested, particular emphasis was placed on exposure to therapeutic drugs. In schizophrenic subjects, DAT-IR varicosities were decreased in LN (P = .0002), ABN (P = .013), and CO (P = .0001) in comparison with controls, and in comparison with bipolar disorder subjects in LN (P = .004) and CO (P = .002). DBH-IR varicosities were decreased in ABN (P = .008) and ITCM (P = .017), compared with controls. TH-and 5HTT-IR varicosities were not altered. No changes were detected in bipolar disorder. Taken together with TH and DBH findings, reductions of DAT-IR varicosities point to decreased DAT expression in dopaminergic terminals in the amygdala of subjects with schizophrenia. This DAT decrease may disrupt dopamine uptake, leading to increased dopaminergic synaptic transmission and spillage into the extracellular space with activation of extrasynaptic dopamine receptors. Concurrent decrease of noradrenaline in the ABN may disrupt memory consolidation.
Introduction
Emerging views on schizophrenia (SZ) highlight a disruption of salience attribution and prediction error mechanisms as a key component of this disorder.
1,2 Typical features of SZ, such as adherence to erroneous beliefs despite contradicting evidence, may be interpreted as a disruption of these mechanisms. [3] [4] [5] Their regulation by the mesolimbic dopamine system supports the hypothesis that a disruption of dopaminergic inputs to the striatum and amygdala may underlie misattribution of salience, leading to mistakenly linking valence to otherwise neutral stimuli (delusion, inappropriate affect) or failure to attribute emotional valence (flat affect). [2] [3] [4] [5] [6] [7] Several studies reported a disruption of dopaminergic transmission in the striatum of subjects with SZ, thought to contribute to aspects of these mechanisms. 8, 9 However, as suggested by Pankow and coworkers, it may not account for the pervasive sense of 'danger', intense fear, and anxiety that typically accompany paranoid delusions. 2 The possibility that altered dopaminergic transmission in the amygdala, impacting attribution of salience, may at least in part underlie psychotic symptoms has been suggested by several authors. 2, 7, [10] [11] [12] Here, we tested the hypothesis that dopaminergic innervation of the amygdala may be altered in SZ.
Notably, the mesolimbic dopaminergic system controls several aspects of salience information processing in the amygdala. A particularly poignant example is the key role played by dopamine in modulating fear learning in this region, 13 incidentally a type of learning recently shown to be altered in SZ.
14 The amygdala's orchestration of complex visceral and behavioral responses triggered by affective stimuli, including fear, is controlled by cortical and dopaminergic inputs. [15] [16] [17] [18] These latter tend to facilitate amygdalar responses under conditions of high emotional arousal, potentially counteracting cortical modulation. 17, 18 In addition to biasing affective valence processing by the amygdala, eventually integrated in neural circuits creating goal-directed strategies, 15, 19, 20 dopamine may also affect the amygdala's modulation on primary sensory cortices, modulating attention to salient stimuli, eg, ref. 21 and ref. 22 Abnormal dopaminergic transmission in the amygdala may impact on primary sensory cortices, potentially contributing to hallucinations, eg, ref. 23 Together, these considerations support the hypothesis that altered dopaminergic transmission in the amygdala may play a key role in the pathogenesis and clinical manifestations of SZ. 2,7,10- 12 Surprisingly, dopaminergic abnormalities in the amygdala of subjects with this disorder have not been tested thus far, with the notable exception of a study by Reynolds, 11 showing an increase of dopamine concentration in the amygdala. We postulated that decreased dopamine transporter (DAT) expression may contribute to increased dopamine levels and, with the present studies, tested the hypothesis that DAT expression may be reduced in the amygdala of subjects with SZ. Numerical densities (Nd) of axon varicosities (putative en passant presynaptic specializations) expressing DAT, tyrosine hydroxylase (TH), or dopamine beta-hydroxylase (DBH) were measured in the lateral (LN), basal (BN), accessory basal (ABN), and cortical (CO) nuclei and intercalated cell masses (ITCM) of the amygdala of normal control, SZ, and bipolar disorder (BD) subjects. BD subjects were included in this study to control for the potential effects of stress related to a chronic psychiatric disorder and to help account for exposure to antipsychotic drugs. Superficial nuclei of the amygdala, namely the central and medial nuclei, were not available for this study. TH is the rate-limiting enzyme in catecholamine synthesis. Thus, TH-immunoreactive (IR) varicosities represent a composite of dopaminergic (DAT-IR) and noradrenergic (DBH-IR) varicosities 24 so that combined results from these 3 markers can be used to distinguish between expression changes vs loss of varicosities. DAT is expressed exclusively in dopaminergic fibers and terminals, 25, 26 where it mediates dopamine reuptake. 25, 27 DBH is the noradrenaline synthetic enzyme and is thus expressed in TH positive noradrenergic fibers. Finally, serotonin transporter (5HTT)-IR varicosities were measured to investigate the potential for concurrent involvement of the serotoninergic system.
Methods

Human Subjects
Tissue blocks containing the whole amygdala (1 hemisphere/subject) from 10 SZ, 12 BD, and 12 normal control donors, matched for age, gender, and postmortem interval (PMI), were obtained from the Harvard Brain Tissue Resource Center (HBTRC) (supplementary table 1). Diagnoses of SZ and BD were made by 2 psychiatrists on the basis of retrospective review of medical records and extensive questionnaires concerning social and medical history provided by family members. Several regions from each brain were examined by a neuropathologist. The cohort used for this study did not include subjects with evidence for gross and/or macroscopic brain changes, or clinical history, consistent with cerebrovascular accident or other neurological disorders. Subjects with Braak stages III or higher (modified Bielchowsky stain) were not included. None of these subjects had significant history of substance dependence within 10 or more years from death, as further corroborated by negative toxicology reports. Absence of recent substance abuse is typical for samples from the HBTRC, which receives exclusively community-based tissue donations.
Tissue Processing and Immunohistochemistry
Tissue processing, sectioning, and storage were carried out as described previously. 28, 29 In brief, tissue blocks containing the whole amygdala were dissected from fresh brains, postfixed for 2 weeks in 0.1 mol/ml phosphate buffer (pH 7.4) containing 4% paraformaldehyde and 0.1% Na azide in 0.1M phosphate buffer (PB) at 4°C, cryoprotected for 3 weeks (30% glycerol, 30% ethylene glycol, 0.1% Na azide in 0.1M PB) and then exhaustively sectioned using a freezing microtome (American Optical 860). Using systematic random sampling criteria, sections through the amygdala were serially distributed in 26 compartments (40-µm thick sections; 10-12 sections/ compartment; 1.04-mm section separation within each compartment).
Immunocytochemistry for each marker in this study was carried out on the same subject cohort and sections from all subjects for each marker were processed simultaneously, taking all precautions to avoid sequence effects. 29 Antigen unmasking for DAT, TH, and DBH: 100°C PB with 1:100 Antigen Unmasking Solution (Vector Labs Inc) for 3 minutes. Antigen unmasking for 5HTT: citric buffer (pH = 4.5) for 12 hours at 4°C, then in the same buffer heated to 80°C for 30 minutes. Primary antibodies: polyclonal rabbit anti-DAT antibody (1:10.000; D6944; synthetic peptide corresponding to amino acids 42-59 of rat DAT; Sigma-Aldrich); polyclonal sheep anti-TH antibody (1:500; P60101-0; native rat TH purified from pheochromocytoma; PelFreez); polyclonal sheep anti-DBH (1:5,000; D217; synthetic peptide from the N-terminal region of human DBH; Sigma-Aldrich); and monoclonal mouse anti-5HTT antibody (1:6000; ST51-1; 16-aa peptide from the N-terminus of the human serotonin transporter; Mab Technologies). Biotinylated secondary serum (1:500; Vector Labs, Inc) was followed by streptavidin (1:5000; Vector Labs Inc.) and detection of the antigen/antibody complex using diaminobenzidine (0.02%; Sigma-Aldrich Inc), nickel sulfate (0.08%), and hydrogen peroxide (0.006%). All steps were followed by rinses with 0.1M PB 0.5% Triton-X. For all antibodies, immunolabeling results were consistent with published data, [30] [31] [32] and western blotting (respective maker companies) showed a single band of the expected molecular weight; omission of primary or secondary antibodies did not result in immunolabeling.
Data Collection
Light microscopy interfaced with stereology software was used for quantitative analysis (Stereo-Investigator 6.0, MicroBrightField, Inc). Stereology-based quantitative microscopy was used to measure the volume of each nucleus and numerical densities (Nd) of IR varicosities as described previously (for detailed description, see supplementary figure 1).
Statistical Analyses
Logarithmic transformation was applied to all original values because the data were not normally distributed. Statistical analyses were performed using JMP v5.0.1a (SAS Institute Inc). Differences between groups relative to the main outcome measures were assessed for statistical significance using a stepwise linear regression process equivalent to an analysis of covariance (ANCOVA) model, testing for diagnostic effects and accounting simultaneously for potential effects of other covariates. Effect sizes were calculated according to Hedges' g (supplementary table 3) .
Age, gender, PMI, hemisphere, cause of death (acute, eg, myocardial infarction; chronic, eg, cancer), brain weight, exposure to alcohol, nicotine, electroconvulsive therapy, and lifetime and final 6 months' exposure to antipsychotic drugs and lithium treatment (supplementary tables 1 and 2) were tested systematically for their effects on the main outcome measures and included in the model if they significantly improved the model goodness-of-fit. Estimated daily mg doses of antipsychotic drugs were converted to the approximate equivalent of chlorpromazine (CPZ) as a standard comparator and corrected on the basis of a qualitative assessment of treatment-adherence as indicated by antemortem clinical records and family questionnaires. 29 These values are reported as lifetime, as well as last 6 months of life, CPZ grams per patient. Exposure to lithium salt was estimated and reported in the same manner. Nicotine and alcohol consumptions were rated subjectively from 0 to 4 (0 = no smoking, 4 = heavy smoking) on the basis of medical records and family questionnaires. Tissue pH, available for approximately half of the subjects included in this cohort, was tested for its overall effects on each outcome measure across diagnostic groups. In a second stage of analyses, reported separately, the ANCOVA model previously chosen was repeated separately for left and right hemispheres.
Results
Normal Human Amygdala
Consistent with previous reports in the normal primate amygdala, Nd of DAT-, TH-, and 5HTT-IR varicosities were comparable, while DBH-IR varicosities showed lower densities ( figure 1, supplementary figure 2 , supplementary table 3). [32] [33] [34] [35] Densities were highest in BN and ABN, followed closely by the LN (supplementary table  3 ), although variability within each of these nuclei was observed. ITCM showed the highest Nd of DAT-IR and TH-IR varicosities (eg, DAT-IR varicosities: 4.4 times higher than BN and 6.8 times higher than CO). Recent data showing that LN, BN, and ABN have the second highest DAT densities after the central nucleus 30 (and ITCM) are consistent with our findings. DBH-IR and 5HTT-IR varicosities showed a more homogeneous distribution across nuclei (supplementary table 3).
Group Comparisons
DAT-IR Varicosities. In SZ subjects, Nd of DAT-IR varicosities were significantly decreased in LN (P = .0002; effect size, g = −2.31), ABN (P = .013; effect size, g = −1.36), and CO (P = .0001; effect size, g = −2.48), compared with controls ( figures 1 and 2, supplementary  table 3 ). In these nuclei, significance values for DAT-IR varicosities were adjusted for lifetime CPZ (supplementary table 3). Linear correlation analyses showed positive correlations of lifetime CPZ with DAT-IR varicosities in LN (P = .05), ABN (P = .04), and CO (P = .004). Significance values for CO were also adjusted for the effects of age, and sex (supplementary table 3). No correlation with age at onset of the disease or duration of the illness was detected in the LN and ABN, while the latter was negatively correlated in CO (P = .0006). No significant changes were detected in BN and ITCM. SZ subjects also showed decreased Nd of DAT-IR varicosities with respect to BD in the LN (P = .004) and CO (P = .0025) (figures 1 and 2) . In BD, no changes were observed in any of the nuclei examined.
TH-IR Varicosities.
Nd of TH-IR varicosities were not significantly altered in SZ or BD in any of the nuclei tested ( figure 1, supplementary table 3) . None of the covariates tested, including lifetime CPZ and last 6 months of life CPZ, were found to have a significant effect on Nd of TH-IR varicosities.
DBH-IR Varicosities.
In SZ subjects, Nd of DBH-IR varicosities were decreased in ABN (P = .008; effect size, g = −1.52) and ITCM (P = .017; effect size, g = −1.21), compared with controls ( figure 1, supplementary table 3 ). In ABN, significance values for DBH-IR varicosities were adjusted for last 6 months of lifetime CPZ (P = .05) and hemisphere (less in left, P = .008). No significant changes Dopamine Transporter Expression in Schizophrenia were detected in LN, BN, or CO (figure 1, supplementary table 3). In BD, Nd of DBH-IR varicosities were not altered in any of the nuclei examined.
5HTT-IR Varicosities. Nd of 5HTT-IR varicosities
were not altered in SZ or BD in any of the amygdala nuclei tested ( figure 1, supplementary table 3 ).
Volume of Amygdala Nuclei. Volumes of the amygdala nuclei included in this study, estimated from sections labeled with 5HTT, did not differ between diagnosis and control groups (supplementary figure 3) .
Additional Analyses on Potential Confounding Factors
The effects of exposure to valproic acid, selective serotonin reuptake inhibitors, and electroconvulsive treatment could not be tested in a statistical model because the number of subjects exposed to each was too low (supplementary table 2). However, values for subjects exposed to these treatments were within their group's standard deviation, making it unlikely that these factors contributed to group differences. Nicotine and ethanol use in SZ and BD subjects did not show significant correlations or effects in regression models with Nd of DAT-, TH-, DBH-, or 5HT-T-IR varicosities. Clinical and toxicological evidence for current or recent drug addiction was an exclusionary criteria for this study. In a small number of subjects (3 SZ subjects; 1 BD subject) our records suggest drug exposure, such as cocaine, heroin, and marijuana, during the early phases of the disease. These subjects were not outliers for any of the main outcome measures and fell close to the group mean.
Because a previous report showed dopamine increases predominantly in the left amygdala, 11 we tested the 2 hemispheres separately using the same statistical model for each nucleus. In the left amygdala of subjects with SZ, Nd of DAT-IR varicosities were significantly decreased in LN (P = .02; effect size, g = −2.15; figure 2), BN (P = .004; effect size, g = −3.98), ABN (P = .005; effect size, g = −2.83), and CO (P = .01; effect size, g = −3.97). In the right amygdala, Nd of DAT-IR varicosities were 2 ; logarithmic transformation) of DAT-, DBH-, tyrosine hydroxylase (TH)-, and 5HTT-IR varicosities in the amygdala of control (C; n = 12 in DAT, TH, DBH, and n = 14 in 5HTT studies), SZ subjects (n = 10 in DAT, TH, DBH, and n = 9 in 5HTT studies), and bipolar disorder subjects (n = 12 in DAT, TH, DBH, and n = 13 in 5HTT studies). Error bars: 95% confidence intervals. decreased in LN (P = .015; effect size, g = −2.35; figure 2 ) and CO (P = .034; effect size, g = −2.40). Findings relative to TH-, DBH-, and 5HTT-IR varicosities were virtually identical in the 2 hemispheres.
To test whether cancer-related death and/or chemotherapy may affect TH expression, as shown peripherally, 36 we repeated analyses explicitly classifying death as related or not to cancer. Results were virtually identical to those obtained with the acute vs chronic classification and showed no effect of these variables on outcome measures. Tissue pH, potentially affecting protein stability, was not correlated with any of the main outcome measures. Finally, stress effects of living with chronic disorder are not likely to contribute to DAT and DBH changes detected in subjects with SZ because subjects with BD did not show equivalent changes.
Discussion
In SZ, large effect size decreases of DAT-IR varicosities were detected in LN, ABN, and CO, and DBH-IR varicosities were decreased in the ABN and ITCM. Because DAT and DBH are expressed in TH-IR varicosities, which were not altered, these results point to a reduction of DAT and DBH expressions, rather than varicosities themselves, in distinct amygdala nuclei (see below). Analysis of potential confound variables suggest that these changes may be inherent to the pathophysiology of SZ. Lack of changes in BD subjects and significant differences between SZ and BD subjects point to divergence on this pathological aspect. We propose that decreased DAT expression may result in abnormally amplified dopaminergic transmission in the amygdala of subjects with SZ, potentially contributing to the clinical symptomatology of this disorder.
Technical Considerations
Potential effects of antipsychotic exposure are particularly relevant to these results. Notably, significant correlations between antipsychotic exposure and Nd of IR varicosities, where present, were consistently positive, thus opposite to changes associated with SZ. Furthermore, no changes were detected in subjects with BD although the majority of these subjects were exposed to moderate-to-high doses of antipsychotics over their lifetime (supplementary table 2 ). Together, these results suggest that antipsychotic treatment tends to increase densities of DAT-and DBH-IR varicosities, thus potentially offsetting the decreases inherent to SZ.
Nd of IR varicosities were used as the main outcome measure. A potential concern may be that decreased Nd observed for DAT-IR varicosities may reflect volumetric increases of the LN, ABN, and CO. Pointing to the contrary, no volumetric changes were detected in any of these nuclei in this study (supplementary figure 3) , consistent with previous findings using a largely overlapping cohort of subjects. 28 Furthermore, volumetric abnormalities would affect Nd of all varicosities across markers, which is not the case in this study.
It is well established that dopaminergic fibers reaching the amygdala contact their target through en passant synapses, morphologically corresponding to axon varicosities, 31, 37, 38 consistent with our observation that within terminal fields of innervation, DAT-, TH-, and DBHfibers are thin, tortuous, and form "bead-like," densely spaced, varicosities ( figure 2, supplementary figure 2) . Synapses formed by nonvaricose axonal segments have not been shown in human amygdala; if present, they would not have been counted in this study. The validity of group differences relative to numbers of varicosities, shown to correspond to synapses, 37, 38 would not be affected by this eventuality.
Caution in interpreting these results is necessary given the small sample size (12 normal control, 10 SZ subjects, and 12 BD subjects). However, the magnitude of the changes observed (see effect sizes, supplementary table 3) and their remarkable consistency, both internally and with respect to previous independent findings, 11 support their validity.
Result Interpretation
TH-IR varicosities represent a composite of dopaminergic (DAT-IR) and noradrenergic (DBH-IR) varicosities. 24 In this study, the observed combination of normal densities of 
Dopamine Transporter
Taken together, our results indicate that a decrease of DAT expression in the amygdala of subjects with SZ occurs in the context of normal numbers of dopaminergic varicosities and normal dopamine synthesis. DAT mediates dopamine uptake, representing the primary and most effective way of terminating dopamine actions at postsynaptic receptors. 27 Reduced DAT expression in LN, ABN, and CO of SZ subjects may impair dopamine uptake, resulting in amplification and dysregulation of dopaminergic transmission and dopamine diffusion in the extrasynaptic space. In the amygdala, DAT decreases are likely to have particularly strong effects on dopamine diffusion because mechanisms controlling extracellular dopamine are considerably weaker in this region in comparison to the striatum and the cortex. 39, 40 These findings are consistent with increased dopamine concentration in this region described by G. Reynolds in SZ subjects. 11 Remarkably, our findings and Reynolds are also consistent in suggesting predominant dopaminergic abnormalities in the left amygdala, supporting a left temporal lobe dysfunction in SZ.
11
These findings also resonate with the hypothesis proposed by Carlsson et al, 41 who postulated dopamine extrasynaptic spill and consequent activation of poorly regulated extrasynaptic D2 receptors, as a key pathophysiological mechanism in this disorder and the main target of antipsychotic treatment. Our findings suggest that DAT reductions in the amygdala may be the root of the neuropharmacological effects postulated by Carlsson. Consistent with this possibility is the hypothesis that enhanced dopaminergic transmission in the amygdala may significantly contribute to the emergence of positive symptoms, 2,7,10-12 the clinical dimension most responsive to antipsychotic treatment. In this context, DAT decreases in the LN are particularly relevant because this nucleus plays a key role in stimulus valence processing. [42] [43] [44] [45] Similar mechanisms are not likely to occur in the striatum because striatal DAT expression has consistently been found to be normal in SZ subjects 46, 47 ; discordant information is available for the prefrontal cortex. 48, 49 Lack of DAT changes in the ITCM, the amygdala subregion most heavily innervated by DAergic projections, may seem surprising. However, several lines of evidence suggest that DAergic neurons represent a heterogeneous population, with significant differences in their phenotypes and DAT expression, [50] [51] [52] and that the dopaminergic innervation of the deep amygdala nuclei differs from that of the ITCM in several important aspects, such as location of dopaminergic synapses on dendrites and convergence with cortical inputs. 38, 53 These differences may account for the discrepancy we observed with respect to DAT changes in SZ. Despite the lack of DAT changes in ITCM, our data suggest that these key amygdala cell islands are anomalous in SZ (see below).
Dopamine Beta-hydroxylase
A decrease of DBH varicosities in ITCM and ABN is likely to reflect reduced noradrenaline synthesis in these nuclei. Compelling evidence supports a role for noradrenaline effects on the amygdala in mediating memory consolidation. 54, 55 Through projections to the bed nucleus of the stria terminalis and ventral striatum, the ABN may impact on anxiety-and reward-related behaviors and learning. [56] [57] [58] At the same time, noradrenaline decreases in the ITCM may alter their role as gateways to inhibitory cortical inputs to the amygdala. 17 
Tyrosine Hydroxylase and 5HTT
Lack of TH expression abnormalities in the amygdala contrasts with findings in the caudate nucleus. 8 However, as mentioned above, heterogeneity among dopaminergic neurons includes DAT and TH expressions, perhaps accounting for the region specificity of dopamine abnormalities in SZ, emerging from our and other groups' findings. 8, [46] [47] [48] [49] Finally, our negative findings on 5HTT add to those of other groups, showing normal serotoninergic neurotransmission or modest changes in several brain regions of SZ subjects (for review see ref. 59 ).
Conclusions
Our main results show a significant reduction of DAT expression in the amygdala of subjects with SZ. This reduction is postulated to result in enhanced dopaminergic synaptic activation and involvement of extrasynaptic dopaminergic receptors. We put forth the hypothesis that excess dopamine may disrupt dopamine-dependent amygdalar functions, such as attribution of stimulus salience and accurate prediction error signaling, 2, 5, 6, 13, 60 which may in turn contribute to psychosis. Speculatively, these changes may simulate and/or enhance hyperdopaminergic effects of heightened emotional states, activating amygdalar-driven responses through direct activation of LN, ABN, and CO, while ITCM abnormalities may release these nuclei from the inhibitory control of the prefrontal cortex. 17 In addition, decreased noradrenergic transmission in the BN may impact processing and consolidation of context-related information, perhaps also contributing to aspects of psychosis. 54, 55, 61 
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